Cadmium, mercury, and lead concentrations were detennined in deep-frozen kidney cortex biopsies taken from 36 living, healthy Swedish kidney donors (18 males and 18 females), who were 30-71 (mean 53) years of age. Information about occupation, smoking, the presence of dental amalgam, and fish consumption could be obtained for 27 ofthe donors. The samples (median dry weight 0.74 mg) were analyzed using inductively coupled plasma mass spectrometry, and the results were transformed to wet-weight concentrations. The median kidney Cd was 17 pdgg (95% confidence interal, 14-23 pg/g), which was similar in males and females. In 10 active smokers, the median kidney Cd was 24 p/g, and in 12 who never smoked, it was 17 pg/g. The median kidney Hg was 0.29 pglg, with higher levels in females (median 0.54 plgg) than in males (median 0.16 pg/g). Subjects with amalgam fillings had higher kidney Hg (median 0.47 pg/g, n = 20) than those without dental amalgam (median 0.15 pgig, n= 6), but kidney Hg was below the detection limit in some samples. Nearly half of the samples had kidney Pb below the detection limit. The median kidney Pb was estimated as 0.14 pg/g. This is the first study of heavy metals in kidney cortex of living, healthy subjects, and the results are relatively similar to those of a few previous autopsy studies, indicating that results from autopsy cases are not seriously biased in relation to kidney metal concentrations in the general population. Cd concentrations in those who never smoked were relatively high, indicating considerable Cd intake from the diet in Sweden. The effect of dental amalgam on kidney Hg was as expected, although the reason for the difference in Hg levels between males and females is unclear.
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[Online 1 October 1999] btp://ehpntl.niehs.nih.gov/docs/l999/107p867-871barregard/abstra.thtml Cadmium is accumulated in the human kidneys, with the highest concentration in the cortex. The kidney is also the critical organ at long-term Cd exposure. Tubular and glomerular damage are well-known effects of occupational exposure to Cd (1,2. The general population is exposed through the diet and smoking. Studies in recent years have challenged previous risk assessments and have indicated that slight renal effects from Cd exposure may also occur in the general population (2) (3) (4) (5) (6) .
Most of the present knowledge on kidney Cd concentrations in the general population has been obtained from analyses of autopsy samples (7-12. In addition, donor kidneys rejected after transplantation (13) and kidney biopsies from living subjects with tubulointerstitial disease (10) or renal cancer (11) have been studied. Kidney Cd can also be estimated using in vivo x-ray fluorescence (XRF) (14, 15) or in vivo neutron activation analysis (16) (17) (18) , but relatively high detection limits and limited precision make it difficult to use these techniques in the general population.
Inorganic mercury is also accumulated in the kidneys, and occupational exposure can cause renal damage (19) . In the general population, the main sources of exposure are amalgam fillings and the diet. The presence of kidney Hg in autopsy samples from the general population has recently been reported in studies from Sweden and Germany (20) (21) (22) (23) (24) . Kidney Hg can be measured by in vivo XRF in occupationally exposed subjects, but not yet in the general population (23) .
Lead can also cause renal disease (24) . Although most of the body burden of Pb is located in the skeleton, the kidneys and the liver have the highest concentrations among the soft tissues (25) . There are a few reports on Pb in autopsy kidneys (25) (26) (27) or in kidneys removed because of cancer or other diseases (28) .
In contrast to the autopsy sample studies, assessment of heavy metal concentrations in kidney biopsies from living subjects can be combined with information about smoking, diet, and occupation supplied by the biopsied subjects themselves. The aim of the present study was to determine Cd, Hg Figure 1) . One female had low-level occupational exposure as a dental nurse for 28 years. Kidney Hg was higher in 20 subjects (the dental nurse excluded) with amalgam fillings (median 0.47 pg/g) than in 6 who had no dental amalgam (median 0.15 ,ug/g), but the difference was not statistically significant. The total amounts of kidney Hg were estimated as 107 pg in 20 subjects with amalgam fillings and 42 pg in 6 subjects without amalgams. In the subgroup with amalgam fillings, kidney Hg was higher (p = 0.01) in females (n = 10, median 0.68) than in males (n= 10, median 0.16), even when age was taken into account. Kidney Hg increased with fish consumption: 8 subjects who reported eating less than one fish meal per week had a median concentration of 0.24 pg/g. In 16 subjects that ate one fish meal per week, it was 0.27 pg/g, and in 2 subjects that ate fish more than once a week, it was 1.2 pg/g.
It was difficult to separate the specific influences of fish consumption and amalgam fillings because the subjects with no amalgams tended to eat little fish. In a model in which sex, age, fish consumption, and amalgam fillings were included (n = 26), only the first three variables had statistically significant influences on log-transformed kidney Hg. On the other hand, in the subgroup with amalgam fillings (n = 20), the effect of fish consumption on kidney Hg was not statistically significant. Based on 36 subjects, the influence of sex and age on kidney Hg seems clear. Mercury from dental amalgam and/or fish consumption increased kidney Hg, but the relative effect of the two sources was difficult to assess.
Lead. Kidney Pb was below the detection limit in 17 samples, and the range in the other 19 was 0.02-0.56 pg/g. The median was estimated as 0.14 pg/g. The levels in males and females were similar. There was a trend toward increasing Pb levels with age.
In the 27 subjects who completed the questionnaire, Pb levels were similar to those of the total group (Table 1) . One man was occupationally exposed during a 30-year career at a Pb-storage battery plant (kidney Pb 0.42 pg/g). In the year of his kidney biopsy, his blood Pb was 1.6-1.7 pmol/L. Two other subjects had been exposed for 9 and 5 years, but had relatively low kidney Pb levels. No association between kidney Pb and smoking history could be shown.
Discussion
To our knowledge, this is the first report on chemical analysis of concentrations of heavy metals in the kidneys of living healthy subjects. The overall impression is that there are no large differences between our results and those obtained from autopsies of people dying from accidents or various diseases, although there are few previous data on Hg and Pb levels in kidney cortex. The most interesting finding with respect to kidney Cd was the fact that Cd concentrations in those who never smoked were relatively high. Unexpectedly, females had markedly higher kidney Hg than males. We will first discuss some general aspects of validity and then try to separately interpret our results for Cd, Hg, and Pb.
Validity. Kidney donors are often recruited from relatives or spouses of the recipients. For diseases with a certain degree of heredity, one would expect those diseases to be overrepresented in the donors. Potential donors are checked for diseases such as diabetes mellitus and hypertension, as well as for signs of kidney disease, before they are accepted as donors, and heredity plays no role for spouses. Therefore, we believe that the donors are representative of the healthy part of the general population. The number of smokers or ex-smokers was comparable to that of the general population in this age group. In autopsy studies, cardiovascular diseases and cancer are common causes of death, and, if only cases of sudden death are included, alcoholism and psychiatric diseases should be overrepresented (30) .
The small biopsy samples (dry weight approximately 1 mg) could lead to a larger variability than in samples from autopsy studies if metals are not homogeneously distributed in the kidney cortex. For Cd, Livingston (31) showed that the concentration decreases from the outer to the inner layers; however, the wedge biopsies in the present study were taken from the outer part of the kidney cortex in the lower kidney pole. The GSD for kidney cortex Cd in our study group was 1.7. This is lower than the GSD of 1.9 found in the Elinder et al. (X study on Cd in autopsy kidneys, and is similar to the GSD of 1.5-2.2 found in the Friis et al. (12) study of various age groups. These levels give no support for increased variability when biopsies are used.
Quality control of the analytical step included external reference material, indicating that the accuracy was satisfactory. The sample preparation, particularly the removal of the OCT gel, was complicated, however. This step, as well as errors in weighing the smallest samples, may have introduced imprecision in the metal determinations. The transformation from dry-weight (dw) to wet-weight (ww) concentrations also introduces some imprecision because the ratio of dw/ww is not necessarily the same in all kidneys. Moreover, our choice of a ratio of 0.18 deserves a comment. In the literature the ratio 0.20 is more commonly used, but it is based on studies of autopsy kidneys. We chose to use the ratio 0.18 based on a study of donor kidneys (13) , although only seven kidneys were used in that study. If the true ratio of dw/ww in our study is 0.20, we underestimated the ww metal concentrations by 10%.
Most data on heavy metal concentrations in kidneys are presented as concentrations. This is logical as long as metals in the kidneys are compared with renal function or with determinants that are correlated to body weight, such as intake of contaminated food. Sometimes, however, it would be theoretically preferable to use the total amount of metal in the kidneys, accounting for kidney weight. This would be the case when comparing kidney Cd with the number of cigarettes smoked or when comparing kidney Hg with the number of amalgam surfaces. In the present study, kidney weights were estimated from body surface area, a method that introduces some additional variability. Nevertheless, the difference between the results using the two measures of kidney metal burden was small. Cadmium. The kidney cortex Cd concentrations in the present study were somewhat lower than those reported by Elinder et al. (7) but higher than those reported by Friis et al. (12) in autopsy samples from individuals of similar ages (30-69 years) ( Table 2 ). In the study by Elinder et al. (7) , no external quality control procedures were performed, which makes their data somewhat difficult to evaluate.
Increasing kidney Cd levels were found in subjects up to approximately 50 years of age by Elinder et al. (7) and Friis et al. (12) .
This increase was not obvious in the present study, probably because there were only a few subjects in each age group. Assuming that smoking corresponding to 25 packyears (1 pack-year = smoking 20 cigarettes/day for 1 year) increases kidney cortex Cd by 15 pg/g (7), the active smokers in the present study were expected to have levels approximately 8 pg/g higher than those who never smoked, which is in agreement with our findings. The low kidney Cd in ex-smokers could be the result of chance, given the small number of subjects in that group. Apart from age, diet and iron stores also affect kidney Cd (2, 32, 33) , and these factors could differ between our subgroups based on smoking habits. The kidney Cd level in the active smokers was similar to that found by Elinder et al. (7) in smokers in the same age groups and slightly higher than those found by Friis et al. (12) . The 12 subjects in the present study who never smoked had slightly higher kidney cortex Cd than did those in the study by Elinder et al. (7) , and much higher than in the study by Friis et al. (12) , even when the children and old subjects in those studies are excluded. If this is not caused by chance, it contradicts the assumption that dietary Cd intake in Sweden has decreased during the last couple of decades (12) . Kidney Cd decreases slowly after ceased or decreased exposure; the halflife is on the order of decades (1) . (34) .
Mercury. The kidney Hg levels in this study were higher than those recently reported for German autopsy kidneys: The median in the present study is 0.25 pg/g, as compared to 0.1 pg/g or less in the German studies (21, 22 . In a Swedish study (20) , the median for 12 autopsy kidneys was 0.18 pg/g. The general Swedish population has, on average, more amalgam fillings and possibly also a higher dietary intake of Hg from fish than the German population. Urinary Hg levels in the general population of Sweden seem to be somewhat higher than those in the general population of Germany (35) (36) (37) .
The markedly higher kidney Hg in females than in males (Figure 1 ) was unexpected, and we found no obvious explanation for it. The CIs indicated that it was probably not a random finding. There is no difference between the average number of amalgam surfaces in females and males, as estimated from published studies of general population samples (38) . Urinary Hg excretion is often higher in females if corrected for creatinine (37) , but this could be caused by the lower levels of urinary creatinine found in females. Drasch et al. (21) (23, 39) . The variability in the present small group seems to be at least as high as that of the distribution of urinary Hg in the general Swedish population (40) , for which there is a much larger database. Therefore, it is likely that some individuals in the general population, such as those with amalgam fillings who are long-term nicotine gum chewers (41) , indeed have kidney Hg levels similar to occupationally exposed workers, as has been shown for blood and urinary Hg levels (38, 41) .
Lead Some reports on kidney Pb in the general population (26) (27) (28) 42) have shown slightly higher concentrations than in the present study; for example, a median of 0.23 pg/g was found in 24 Swedish autopsy kidneys (26, 27) . Blood Pb concentrations have, however, dedined considerably over the last decades (43) , and it is probable that kidney Pb levels have also decreased.
A flaw in the present data is the fact that in nearly half of the samples, kidney Pb was below the formal detection limit. The results do not add much to the knowledge of determinants of kidney Pb concentrations. Smoking slightly increases kidney Pb concentrations (28) . The worker with long-term exposure had a normal kidney Pb concentration. This indicates that the fraction of absorbed Pb deposited in the kidney cortex is small and/or that the half-life for kidney Pb is short. In a few autopsy studies of kidney Pb in former Pb workers, the levels were also low (26,27,42. In summary, this study on living healthy Swedish subjects showed heavy metal concentrations in kidney cortex that were of the same order as those reported from autopsy studies. This indicates that bias in autopsy studies, owing to possible overrepresentation of certain causes of death and lifestyle factors, is not a serious problem. The 
